Abstract: This study evaluated fluctuations in the output signal of a densimeter, an in situ suspended-sediment measurement device based on a very sensitive differential pressure transducer. Although the densimeter produced accurate ͑less than 10% error͒ results in the laboratory for concentrations of 10-1,000 mg/ L, there was a much larger fluctuation in the field test output signal. These fluctuations were hypothesized to have originated from fluctuations imparted by movement of bed material on the channel bottom. Measuring root mean square and mean velocities and corresponding pressure differences at locations in front of and behind a bluff body simulated movement of a body/bed form past a sampling point in a quasistatic manner. Position of the bluff body relative to the sample port resulted in differential pressure swings equivalent to 65,000 mg/ L sediment concentration. Turbulent structure changed dramatically with position of the bluff body. Thus, pressure densitometry using a differential pressure transducer is likely not a reliable system for measuring sediment concentration under in-stream conditions, particularly near the channel bottom where bed forms and large objects may pass between the sample ports.
Introduction
Investigators have developed various devices to measure the concentration of suspended sediment in streams. The most common method employs suspended-sediment samplers that include: grab or instantaneous samplers, single-stage samplers, rigid-container point-integrated samplers, rigid-container depth-integrated samplers, flexible-container depth or bag samplers, pump samplers ͑Federal Interagency Sedimentation Project 2000͒, automatic pumping-type samplers, cable-and-reel -supported samplers, and hand held samplers ͑Edwards and Glysson 1988͒. While each sampling approach is efficient in its proper environment, the principal disadvantage of all types of suspended-sediment samplers is that they provide results only after long periods of time ͑World Meteorological Organization 1981͒.
In situ sediment gages offer advantages over samplers by continuously measuring suspended-sediment concentrations on site and allowing for longer sampling periods. Investigators employ various types of turbidity meters and nuclear sediment concentration gages for in situ measurements ͑World Meteorological Organization 1981͒. Wren et al. ͑2000͒ reviewed several instrumental modalities including acoustic, focused beam reflectance, laser diffraction, nuclear, optical backscatter, optical transmission, and spectral reflectance for measuring suspended sediment concentration. Acoustic technology ͑if further developed͒ emerged as a promising technology because of its ability to measure the concentration profile without intruding into the flow. Lewis and Rasmussen ͑1999͒ demonstrated the feasibility of measuring sediment concentration in laboratory cylinders over time by making precise measurements of pressure changes induced by changes in overall fluid specific gravity brought about by sediment additions. Sumi et al. ͑2002͒ claimed success for using differential pressure measurements to estimate wash loads in reservoirs and rivers. The relationship shown below as an equation defines the relationship between sediment concentration and measured pressure when using one pressure transducer
where C s =sediment concentration ͑g / g, multiplied by 10 6 to express as mg/ L͒; ⌬z=distance between the pressure transducer sampling ports ͑0.075 m͒; p=measured pressure ͓N/m 2 ; measured as ͑mm water͒ ϫ ͑1 in./ 25.4 mm͒ ϫ ͑248.8 N / m 2 / in water͔͒; S soil =specific gravity of soil ͑2.65 is representative͒; S water =specific gravity of water ͑1.00͒; and ␥ w =specific weight of water ͑9,806 N / m 3 ͒. The pressure transducer technique in theory enables real-time field measurement of sediment concentrations verus time, which is more difficult with other techniques. These measurements are currently very difficult, in that the only truly reliable approach is exhaustive gravimetric sampling. Lewis lihood of sampler vibration and led to a focus on the impact of discrete particle/bed form movement contributions to noise in the data. An experiment was designed to evaluate the role of fluid turbulence as influenced by flowrate and bed form position, as turbulence is clearly associated with suspended sediment transport ͑Graf 1971, Tennekes and Lumley 1972͒. The objective of this research was to examine correlations between variations in pressure, mean velocity, and root mean square ͑RMS͒ turbulent velocity in a simulated stream. Seeing evidence of positive correlation between the fluid turbulent intensity and pressure transducer signal standard deviation values would suggest that high levels of fluid turbulence are associated with high standard deviation values from the pressure transducer. This would further suggest that fluids with a high capacity to transport sediment would have high variation in pressure transducer measurement, thereby obscuring the estimated sediment load. Observing an effect of bed form position would suggest the possibility of systematic differences in pressure transducer outputs with varying bed forms.
Materials and Methods
A scaled version of the densimeter was constructed and tested in two different setups. The pressure transducer used was a 0-10.2 mm H 2 O differential pressure transducer ͑LPM 9381, Druck Inc.͒ with a 0-5 V output. Due to leakage during the later stages of the port vibration study, a second pressure transducer with a range of 0-2.54 mm H 2 O transducer ͑LPM 9381, Druck Inc.͒ with a 4-20 mA output was used for the turbulence studies. Since the water depth in the flumes was limited, the two pressure ports were set at 12.7 cm apart and were created with Swagelok stainless steel tubing and fittings. A 20 V dc excitation voltage was supplied to the transducer ͑E3620A Dual Output DC Power Supply, Agilent͒. The pressure transducer with a voltage output was connected to an isolated voltage input module ͑5B41, Analog Devices͒ while the transducer with a 4-20 mA output was connected to an isolated current input module ͑5B42, Analog Devices͒. The outputs for the modules were ±5 V for the 5B41 and 1-5 V for the 5B42. Pressure measurements were recorded by digitizing the outputs from the signal conditioning modules with a 12-bit analog-todigital converter ͑PCI-MIO-16E-1, National Instruments͒. A virtual instrument for recording the data was developed using Lab-VIEW 6i ͑National Instruments͒. Pressure data were converted to the equivalent sediment concentration ͑mg/ L͒ by using Eq. ͑1͒.
An experiment was designed to examine the effect of a bluff body object ͑which idealized a large object being transported past a pressure sampling location͒ on the measured RMS velocity and the standard deviation of rapidly sampled pressure measurements. The salient features of the experiment are shown schematically in Fig. 1 . The bluff body was a 2.5 cmϫ 2.5 cmϫ 15 cm iron bar. An acrylic lined 2 m ϫ 0.3 m ϫ 0.15 m rectangular flume was used for the experiment. Thus for this experiment the bluff body was as wide as the flume and the effect was that of a small dam. The flume was equipped with a tailgate that was maintained in the up position throughout the experiment. The following variables were considered. Three flow rates ͑0.001, 0.005, and 0.01 m 3 /s͒, six bluff body positions ͑see Fig. 1͒ , presence or absence of a protective guard near the sampling points, and two sampling port configurations were evaluated. The protective guard was a 1 / 4 circular quadrant of pipe placed immediately upstream of the sampling ports, shown in position in Fig. 2 . The sampling port configuration was: ͑1͒ normal to the flow ͑shown in Fig. 2͒ ; and ͑2͒ a similar tube with a 90°bend in the flow direction, placing the open end approximately 50 mm from the wall and 50 mm downstream relative to configuration ͑1͒. The slope was constant at approximately 1% throughout the study. Results were collected at each of the two probe positions for each bluff body.
A Thermosystems model IFA-300 hot film anemometer equipped with one channel monitoring a straight probe was used in the study. The probe was calibrated in preliminary studies using the flume by comparing mean velocity results with those of velocities read using a Doppler velocity measurement technique. The calibration velocity ranged from 0.05 to 1 m / s. The system computed mean velocity, RMS velocity, and provided autocorrelegrams and spectral analyses results. Results were collected at each of the two probe positions for each bluff body-flowrateentrance guard-sampling port orientation combination of the experiment, leading to 144 observations.
Results and Discussion
Data were analyzed using the NCSS GLM analysis of variance ͑ANOVA͒ and scatter plot software, completely random analyses considering up to two-way interactions ͑Hintze 2001͒. Based on preliminary analyses, significant differences were not observed between points 1, 2, or 3 or between points 4, 5, and 6. We thus categorized the measurement points as "upstream" ͑e.g., Positions 1, 2, and 3͒ or "downstream" ͑Positions 4, 5, and 6͒.
Pressure readings plotted against the anemometer velocity show ͑Fig. 3͒ generally higher ͑5% level significance͒ readings when the bluff body is upstream of the sampling point. The bluff body created a wake or low pressure region directly downstream of the body. Sometimes the lower sampling port is directly in this wake. This fact gets to the heart of the issue in pressure densitometry. Using a trailing sampling point orientation reduced this variation in mean pressure ͑Fig. 4͒ in this experiment. The writers hypothesize that similar oriesntations may be useful in future experiments. The apparent systematic measuring of an approximately 2 mm pressure was present in spite of repeated attempts at de-airing the transducer in calibration measurements.
Using the trailing sampling port orientation resulted in more consistent pressure readings ͑Fig. 4͒, reducing the upper limit on measured pressure differential from nearly 8 mm water ͑corre-sponding to nearly 65,000 mg/ L sediment͒ to less than 2 mm water ͑corresponding to 16,000 mg/ L͒. Structuring the flow with the semicircular entrance protection significantly ͑5% level͒ reduced the scatter in the pressure standard deviation versus mean pressure plot ͑Fig. 5͒. The presence of the entrance protection device resulted in generally lower variations in pressure but not in pressure standard deviation. In practice, there can be changes in effective flow direction with stage. These changes, considering the kinetic energy conversions mentioned above, could have a major effect on results particularly if there were differences in flow direction between the two sampling ports. The trailing orientation would most likely minimize this effect.
The intensity of turbulence, defined as the ratio of the RMS velocity to the mean velocity, plotted versus the mean velocity in Fig. 6 ͑all measured using the hot film anemometer͒ shows that turbulence was substantially more intense when the bluff body was above the sampling location. Thus, flow regime is a function of position relative to a bed form object. Thus as a bed form passes, the turbulent structure of the flow would change, suggesting the possibility of varying signal noise ͑associated with RMS turbulence͒ associated with the flow. As with other parameters, the effect or interactions involving entrance protection and sample port orientation were significant at the 5% level.
It is of interest to explore the relationship between the RMS signal as measured by the hot film anemometer and the corresponding noise in the pressure transducer output, represented as a standard deviation of the data collected in a 30 s interval. Any signal averaging strategy would depend on the bed form position, which is generally unknown. The relationship between the RMS velocity and the pressure standard deviation is shown in Fig. 7 , It is interesting to compare the results of this study with the findings of Sumi et al. ͑2002͒, who had success in the field, and those of Lewis and Rasmussen ͑1999͒ who were not as successful in the field. The former study focused on wash load. It was situated in large bodies with the probable absence of bed forms affecting the measurements. The latter study was done in a small river where bed form movement and large sediment object passage were likely in high flow conditions. The writers feel that in situ densitometry can be successful if sample port alignment is controlled and appropriate structuring of flows with baffles provide a consistent wall effect. Strategies involving relations between pressure standard deviation and total sediment load are also being investigated.
Conclusions
These data lead us to the conclusion that the measurement of sediment concentration based on pressure measurements, while being feasible under laboratory conditions, is complicated in general field conditions due to bed form movement related variations in point pressures and due to variations in fluid turbulent structure associated with bed form position. The use of the idealized bluff body in the limited observations of this experiment suggested a hypothesis for future studies that some improvements might be possible by considering a trailing sampling port orientation and/or using a device to more uniformly structure the flow near the sampling port.
The association between the pressure standard deviation and RMS velocity suggests that there may be a possible relationship between pressure standard deviation and sediment concentration.
Notation
The following symbols are used in this technical note:
C s ϭ sediment concentration ͑g / g, multiplied by 10 6 to express as mg/ L͒; p ϭ measured pressure ͓N/m 2 ; measured as ͑mm water͒ ϫ ͑1in./ 25.4 mm͒ ϫ ͑248.8 N / m 2 / in. water͔͒; S soil ϭ specific gravity of soil ͑2.65 for quartz, taken as representative͒; S water ϭ specific gravity of water ͑1.00͒; ␥ w ϭ specific weight of water ͑9,806 N / m 3 ͒; and ⌬z ϭ distance between pressure transducer sampling ports ͑0.075 m͒. 
